Abstract-We describe and experimentally demonstrate an optomechanical oscillator where light drives a surface mechanical mode of a spherical resonator, using a combination of photoelastic scattering and optical electrostriction. These oscillators are shown to have discretely-selectable frequencies ranging from 50 MHz to 1.5 GHz on a single silica microsphere device. We also report on initial measurements of phase noise and continuous frequency tuning of these oscillators.
I. INTRODUCTION
In recent years, oscillators based on parametric mechanical vibration in optical microresonators have emerged as promising candidates for compact and low power photonic frequency references [1] - [4] . While prior work has focused on the use of radiation pressure and gradient forces [5] in order to drive mechanical vibration, here we exploit optical electrostriction [6] to stimulate (as in a laser) an acoustical whispering gallery resonance of the microsphere. These acoustical modes are concentrated at the equator of the sphere, and have been calculated through finite element modeling to be shear type and Rayleigh type [7] surface acoustic waves (SAW).
Such SAW-based optomechanical oscillators (OMO) have been theoretically proposed in the past [8] . In this new class of optomechanical oscillator, incoming light drives and interacts with the surface acoustic mode, resulting in two optical signals at the output of the device (Figure 1(a) ). The beat note between these optical signals is measured with a photodetector, and is at the acoustical frequency of the surface mode that we excited.
II. SURFACE ACOUSTIC WAVE OPTOMECHANICAL OSCILLATORS
We will now describe the process of exciting optomechanical oscillations within these spherical resonators. An incoming pump photon scatters from an acoustic phonon occupying a mechanical eigenmode of the spherical resonator, resulting in a scattered Stokes photon that is down-shifted to a lower frequency. The scattered Stokes light together with the incoming pump light generates electrostrictive pressure which amplifies the initial acoustic wave. Energy and momentum are conserved in this process through the generation of phonons at the same acoustical frequency from which the pump light was initially scattered. The process is illustrated in Figure 1(b) and is similar to stimulated Brillouin scattering that takes place in bulk materials [6] . The experimental realization of a SAW-OMO (Figure 1(a) ) requires two optical whispering gallery modes that have extremely close frequencies (in relative optical terms) but at the same time have different wavevectors. This requirement can be expressed as follows
Here the M i parameters are the number of periods of the optical modes ('P', 'S' subscripts) and of the acoustical mode ('A' subscript) around the circumference of the sphere, and their relationship describes momentum conservation. The simultaneous frequency relationship ω i describes energy conservation. This phase matching requirement is the result of solving for a synchronous solution [9] to the optical and acoustical wave equations that describe the processes of photoelastic scattering and optical electrostriction within the sphere. Light is coupled in and out of the microsphere resonator [10] using a tapered optical fiber [11] - [13] . Optical quality factors are in the range of 10 8 . Previous demonstrations of oscillations induced via Brillouin scattering, shown in CaF 2 [14] and in silica [15] , depended on back-scattering from the acoustical wave to close the internal feedback loop in the above described process. When we consider momentum conservation in back-scattering, the resulting phonons have a wavelength that is approximately half of the pump light used. For a 1.5 um wavelength pump propagating in silica, this translates to an optical wavelength of 1 um within the resonator, and an acoustical wavelength of 0.5 um resulting in frequencies in the 11 GHz range [15] for when silica is the host material. However, the lifetime for such hypersonic phonons is extremely short, resulting in low acoustical finesse. The acoustical frequencies are primarily dictated by material properties in this case.
A question arises whether lower frequencies, dictated to some extent by geometry, can be targeted instead. Lower frequency phonons would have much longer lifetimes within the host material, and would have a much higher acoustical finesse within the microsphere. As opposed to previous demonstrations of backward scattering, here we rely on forward scattering [8] , [16] to generate lower frequency phonons. Momentum conservation for forward scattering dictates that the acoustic frequency is significantly smaller, and is of the order of 100 MHz.
III. IDENTIFICATION OF MECHANICAL MODES
Previous OMO demonstrations, have primarily been based on mechanical parametric oscillation of optical microcavities. The standard varying parameter in these cases is the optical path length and the mechanical modes can be described as breathing modes (Figure 2(a) ). The resulting optical spectrum at the output thus shows modulation effects (phase and amplitude) with sidebands at both higher and lower frequencies. Higher frequency harmonics of these sidebands are also present [4] . In the case described in this work, the mechanical excitation is a surface mode that travels unidirectionally along the equator (Figure 2(b) ). Light that is scattered from this traveling mode is always downshifted from the pump due to the always-receding nature of the mode. The optical path length does not change. As a result, there is only a single Stokes-frequency optical sideband that appears at the output.
Since there is a difference between the optical signatures of the two types of mechanical modes, we can distinguish between them by resolving the spectra of the output light using an optical spectrum analyzer. We have experimentally studied the optical spectra to confirm the generation of surface mechanical modes (Figure 3) . 
IV. EXPERIMENTAL RESULTS

A. Oscillation frequency and tuning
We have experimentally determined (Figure 4 ) that a single device can show hundreds of discretely-selectable oscillation frequencies through the described process. In the experiment shown in Figure 4(a) , we scanned the pump laser from 1520 nm -1570 nm in order to probe many pump modes, while keeping the electrical spectrum analyzer on the 'peak hold' setting. In the low frequency regime that this paper describes, we were able to capture oscillations ranging from 50 MHz up to 1.4 GHz.
We can combine this result with the previously demon- strated ability to excite acoustical modes in the X-band (11.5 GHz) frequency regime via Brillouin back-scattering (Figure 4(b) ). The implications of this combined result are that a single device can produce oscillations ranging from 50 MHz-1.4 GHz, and also from 10 GHz-11.5 GHz. Indeed there is a large gap between these frequency ranges where oscillations have not been experimentally demonstrated. We can, however, begin to fill this gap by using different pump wavelengths and different materials. Beyond the capability for discrete frequency selection with this oscillator, we can also thermally tune the oscillation frequency ( Figure 5 ). Here, the major effect responsible for tuning is the positive temperature coefficient of material stiffness for silica. The tunability however does appear to depend on the specific mechanical and optical modes that participate in any given oscillation. It must be noted that temperature change also affects the optical modes.
B. Noise performance
We have performed several experiments studying the noise performance of these oscillators. Our data shows narrowing of the oscillation linewidth as a function of increasing pump optical power ( Figure 6 ). The linewidth narrowing is consistent with lasing processes. This line narrowing behavior should continue until the system reaches the Schawlow-Townes limit. We also have preliminary phase noise measurements which indicate a 1/f 3 characteristic close to carrier (Figure 7 ).
V. CONCLUSIONS We have experimentally demonstrated a class of optomechanical oscillators that excite surface acoustic waves on silica microspheres through electrostrictive pressure generated by light. While SAW are typically generated on planar piezoelectric substrates, with metal electrodes used for applying electric fields, here we apply the electric field through a set of virtual electrodes formed by light which co-propagates with the traveling acoustical mode. Additionally, the excitation mechanism of electrostriction is available in any dielectric material, opening up broad possibilities in material selection. Since SAW-based sensors are well-studied, the potential applications of this technology extend beyond oscillators into various sensing techniques.
